27 48 production in an insect. Moreover, the generation of tagged cells and identification of 49 an enhancer region can expediate oenocyte specific transcriptomics. The novel 50 4 driver line can also be used to explore oenocyte roles in pheromone production, 51 mating behaviour and longevity in the malaria mosquito. 52 53 54
Oenocytes are an insect cell type having diverse physiological functions ranging 28 from cuticular hydrocarbon (CHC) production to insecticide detoxification that may 29 impact their capacity to transmit pathogens. To develop functional genetic tools to 30 study Anopheles gambiae oenocytes, we have trapped an oenocyte enhancer to 31 create a transgenic mosquito Gal4 driver line that mediates tissue-specific 32 expression. After crossing with UAS-reporter lines, An. gambiae oenocytes are 33 fluorescently tagged through all life stages and demonstrate clearly the two 34 characteristic oenocyte cell-types arising during development. The driver was then 35 used to characterise the function of two oenocyte expressed An. gambiae cyp4g 36 genes through tissue-specific expression of UAS-RNAi constructs. Silencing of 37 cyp4g16 or cyp4g17 caused lethality in pupae of differing timing and penetrance. 38 Surviving cyp4g16 knockdown adults showed increased sensitivity to desiccation. 39 Total cuticular hydrocarbon levels were reduced by approximately 80% or 50% in 40 both single gene knockdowns when assayed in young pupa or surviving adults 41 respectively, indicating both genes are required for complete CHC production in An. 42 gambiae and demonstrate synergistic activity in young pupae. Comparative CHC 43 profiles were very similar for the two knockdowns, indicating overlapping substrate 44 specificities of the two enzymes. Differences were observed for example with 45 reduced abundance of shorter chain CHCs in CYP4G16 knockdowns, and reduction 46 in longer, branched chained CHCs in CYP4G17 knockdown adults. This is the first 47 time that two cyp4gs have both been shown to be required for complete CHC Introduction 55 Oenocytes are insect secretory cells that in diptera such as Drosophila exist as 56 morphologically distinct derivatives in larvae and adults with separate developmental 57 origins (Gould et al. 2001 ). In the fruitfly, larval oenocytes originate from embryonic 58 ectodermal cells, whereas adult oenocytes are thought to derive from pupal 59 histoblasts (Makki et al. 2014 ). These liver-like cells that have diverse physiological 60 functions encompassing regulation of respiration, tissue histolysis, detoxification, 61 hormone production, dietary related longevity and cuticle synthesis (Makki et al. 62 2014; Stefana et al. 2017) . Perhaps best studied to date are those roles linked to 63 lipid metabolism. Fruitfly oenocytes express an abundance of lipid synthesis 64 enzymes, including those in the pathways leading to the production of very long 65 chain (VLC) lipids and cuticular hydrocarbons (CHC) (Gutierrez et al. 2007 ). These 66 are transported to the tracheal system and outer insect integument to provide a 67 hydrophobic waxy layer to maintain water balance (Parvy et al. 2012 ). This key 68 adaptive trait provides insects with the ability to limit dehydration, yet repel water to 69 prevent flooding, in order to occupy different niches. The precise control of CHC 70 composition to maintain water balance is compounded in insects with aquatic 71 immature stages, including mosquitoes, which must switch rapidly during pupal 72 development from submersion in water to an environment with variable humidity. 73 5 Our interest in developing genetic tools to study mosquito oenocytes stems from an 74 initial observation that the sole reductive binding partner, cytochrome p450 75 reductase (CPR), of the largest family of multifunctional oxidative enzymes, the 76 cytochromes P450 (CYPs), was massively expressed in these cells, in both An. 77 gambiae and Drosophila (Lycett et al. 2006) . Later studies in Drosophila linked 78 expression of CPR and a single CYP4G partner, CYP4G1 in oenocytes with the final 79 decarbonylation step in the cuticular hydrocarbon synthetic pathway that converts 80 VLC aldehydes to alkanes and alkenes (Qiu et al. 2012a) . Similar activity has 81 recently been detected in the single cyp4g gene encoded in the honey bee genome 82 (Calla et al. 2018 ). In contrast two cyp4g genes are annotated in the Anopheles 83 genome, cyp4g16 and cyp4g17, and we have previously shown that both gene 84 products are highly expressed in adult and pupal oenocytes (Kefi et al. 2019; Ingham 85 et al. 2014; Balabanidou et al. 2016 ), yet only CYP4G16 had decarbonylase activity 86 in vitro. In other species with two annotated members of the cyp4g family, both 87 recombinant enzymes possess decarbonylase activity (MacLean et al. 2018) , and 88 when the Anopheles genes were expressed in Drosophila in a cyp4g1 silenced 89 background either enzyme or in combination rescued the lethal phenotype (Kefi et al. 90 2019). The observed inactivity of the recombinant An. gambiae CYP4G17 is thus 91 most likely due to incompatibility with the low molecular weight substrate aldehyde 92 that was tested in vitro (Balabanidou et al. 2016) . 93 To expand the in vivo analysis of oenocyte function in mosquitoes, we have 94 developed a Gal4 driver line to modify gene expression specifically in An. gambiae 95 oenocytes, and have initially targeted the cyp4g genes. Our earlier research 96 identified a number of Gal4 activators and UAS modules suitable for expression in 97 An. gambiae (Lynd and Lycett 2012, 2011 and religated with an oligo linker (Link2F, Link2R) to give pSL-attB. pSL-UAS14-173 gyp[3×P3-eYFP] was digested with NotI and SpeI and the entire cassette ligated into 174 pSL-attB to give pSL-attB-UAS14-gyp[3×P3-eYFP] (primers shown in Table S1 ). 175 176 To create the cyp4g16 knockdown construct, genomic DNA (gDNA) was extracted 177 from adult Anopheles gambiae females (G3 strain) using the method described in 178 Livak (1984) . A hairpin RNAi construct was then generated by direct amplification via Table S1 ). were amplified from a plasmid template targeting the pBac arms (see Table S1 for 245 12 primers) and labelled with CTP α-32P 3000Ci/mmol (Perkin Elmer) using Klenow 246 Enzyme (NEB) and random nonamers (Sigma). Hybridization, washing and 247 exposure to X Ray film were performed as described previously (Lycett et al. 2004 ).
249
Whole-mount larval abdomen immunostaining. 250 Abdominal integuments were dissected from 4 th instar larvae and fixed and stained for 1 h at room temperature. Membranes were washed four times in PBST for 5 min, 307 then incubated with anti-rabbit (1:40,000) or anti-mouse (1:10,000) secondary 308 antibodies conjugated to peroxidase. Filters were developed with the Western blot 309 Chemiluminescence Reagent Plus Kit (Renaissance) and exposed to X-ray films. Fig S1A) . From 10 isofemale lines 374 produced ( Fig S2A) , four carried insertions into single genomic sites, as indicated by 375 inverse PCR ( Fig S2B) . All lines had the expected expression of eCFP in eyes and 376 neuronal tissues, and six out of eight examined expressed the tagged LRIM1 377 transcript ( Fig S2C) 48hrs after bloodfeeding. Western analysis indicated that three 378 insertion lines with single copy insertions, A11, A14 and BB57, expressed the tagged 379 LRIM1 protein after bloodfeeding ( Fig S2D) . 380 However in one line, A14, distinct eCFP fluorescence was also readily detected in 381 oenocytes in larval and pupal stages (Fig 1) , suggesting that one or more local 382 genomic enhancers were directing eCFP expression to these abdominal cells. 383 Sequencing around the transposon insertion site in A14, indicated that integration 384 had occurred at an intergenic site on the 3R chromosome ( Fig S2E) , greater than 385 30Kb away from the nearest annotated gene in the PEST genome (Vectorbase 386 P4.12). Since we created the A14 line to carry inverted attP sites surrounding the 387 marker and effector cassette, we surmised that recombinase-mediated cassette 388 18 exchange (RCME) with a promoterless Gal4 construct would bring the transctivator 389 under control of the enhancer to produce oenocyte specific driver lines. 390 RCME is efficient in mosquitoes 391 To initially develop an efficient oenocyte driver, we examined the efficacy of four 392 alternative Gal4 constructs marked with dsRed, by targeting cassette exchange into 393 A14 embryos. Previous cell culture analysis indicated that these alternative Gal4 394 constructs, native Gal4, Gal4-delta, Gal4-GFY and Gal4-FF generate different 395 transcriptional activation potentials (Lynd and Lycett 2011), and so may produce a 396 graded range of oenocyte-specific expression levels. As indicated (Table S2) would be doubly marked (this is illustrated in Fig S3A) . In total seven isofemale 405 native Gal4 lines were bred from surviving F1 progeny; three exchange and four 406 integration lines. PCR analysis indicated that five of the six possible integration 407 patterns were detected within these lines (Table S2 ). Southern hybridization on the 408 representative A14Gal4 line (A1 line kept for further characterisation) confirmed 409 cassette exchange into the expected genomic site and orientation (Fig 2A and B) . 410 Since RCME efficiency had not previously been assayed in mosquitoes, we also 411 tested a second control docking line, A11, that displayed the typical expression of 412 19 the 3xP3 marker. Into the A11 line we exchanged the same native Gal4 construct 413 and obtained 21 isofemale lines from 638 embryos injected. Diagnostic PCR was 414 again used to define orientation of insertion in six of these lines (Table S2 ) and 415 Southern blotting of an A orientation isofemale line confirmed that RCME had 416 occurred at the expected site due to the expected change in restriction enzyme 417 pattern (Fig 2A and B) compared the parental line.
418
Oenocyte enhancer is trapped by RCME. 419 In the A14 native Gal4 trap lines, weak red fluorescence was detected in oenocytes 420 following exchange in the A14A1 and A14A2 lines ( Fig S3B) . To examine whether 421 Gal4 expression was also under oenocyte enhancer control, the A14 Gal trap lines 422 with alternative orientations of insertion (including alternative isofemale lines with the 423 same molecular orientation, A14A1 and A14A2) were crossed to a 3xP3 CFP 424 marked responder line carrying nuclear localised yellow fluorescent protein (nlsYFP) 425 and luciferase genes both under control of the upstream activation sequence (UAS), 426 to allow qualitative and quantitative analysis, respectively (Lynd and Lycett 2012). In 427 progeny of these crosses, nlsYFP was visible in larval ( Fig 3B) , pupal and adult 428 oenocytes ( Fig 3D) , indicating that enhancer trapping was achieved. Furthermore, 429 through Gal4 enhanced expression we could trace the development of adult 430 oenocytes through 4 th instar larval ( Fig 3F) and pupal stages as they contained 431 nlsYFP. The same oenocyte expression profile was obtained in progeny following 432 A14Gal4A crossing with a separate UAS-mCherry line (Adolfi et al. 2018) ( Fig S4) . 433 Progeny from crosses between the A11Gal4A line with the UAS-nlsYFP line are 434 shown in Fig S5 and lack expression in the oenocytes. 435 20 Quantitative analysis of the different orientation A14Gal4 lines (Table S2) by 436 luciferase activity analysis indicated that in both 4 th instar larvae and adults, the 437 cassette orientation ( Fig S3A) had a significant effect on reporter gene expression. 438 Those with orientation A had three-fold more activity than those with orientation B at 439 larval stages ( Fig S3C) , and nine-fold greater expression at adult stage ( Fig S3D) . 440 Further analysis of the A14A1 line indicated that luciferase activity increases 100-fold 441 during larval development, plateaus during metamorphosis, before dropping four-fold 442 in adult stages ( Fig S3E) . 444 To examine the utility of the driver line for oenocyte-specific knockdown of CHC 445 regulating enzymes, we targeted two genes, cyp4g16 and cyp4g17, that previous Fig 4A) . Whereas the cyp4g17 transcript was at the 453 minimal limits of detection in 3 rd instar stages, and expression massively increased 454 (up to 10,000-fold) after 8 hours of the early 4 th instar stage, before decreasing 455 during pupal moult, and again increasing significantly at later pupal stages ( Fig 4B) . 456 Immunostaining confirmed that both CYP4G proteins are readily detected in 4 th 457 instar larval oenocytes. (Fig S6 A,B) . (16i) show high 470 mortality (above 90%) at early-mid pupal stages (Fig 5 A) , which is reduced if grown 471 at low density (<200 larvae in a 30x30x5cm tray -in a typical experiment we 472 observed around 60% death at early pupal stage, Table S3 ). The progeny 473 expressing cyp4g17 RNAi in oenocytes (17i) develop till late pupal stage and have 474 high mortality (>90%) in pharate adults or as the adults emerge from the pupal case 475 ( Fig 5B, Table S3 ). Altering growth conditions does not increase 17i survival. 476 Homozygous A11 and sibling heterozygous A14Gal4 mosquitoes typically show 477 greater than 90% survival during 4 th instar larval to adult transition (Table S3 ).
443

Expression of 4Gs in immature stages
478
Stable RNAi efficiently knocks down expression of cyp4g genes. 479 To examine efficiency of knock down of the cyp4g genes, western analysis and 480 qPCR was performed on early pupae prior to death in 16i and 17i mosquitoes. 481 Western analysis revealed an absence of CYP4G16 in 16i mosquitoes ( Fig 5C) . 482 22 Similarly, the major protein corresponding to CYP4G17 was absent in 17i pupal 483 extracts ( Fig 5D) . In concordance with lack of protein, transcript levels were reduced 484 by 90% in both knockdowns relative to Gal4 driver line, A14 ( Fig 5E) . Western 485 analysis also indicated that knock down was specific to the respective CYP4G 486 proteins, since the level of CYP4G16 was similar to controls in 17i knockdown 487 mosquitoes, and vice versa (Fig S8) . Fig 6A) . Whereas, 493 in surviving adults, this reduction in total CHC content was approximately 50% in 494 both knockdowns ( Fig 6B) . However, there was no significant difference in total CHC 495 between the 16i and 17i mosquitoes at either stage. 496 Separating the analysis down to the relative peak areas of individual hydrocarbons 497 (with respect to the internal standard), no CHC species showed a significant 498 difference (File S2) in abundance between the 16i and 17i knockdowns at the early 499 pupal stage ( Fig S9) . In contrast, all individual CHCs (except nonadecane) were 500 significantly reduced (p<0.05) in 17i pupae compared with controls ( Fig S9) . Most 501 CHCs were also significantly reduced in 16i pupae compared to controls, although 502 nonadecane p=0.55, icosane p=0.08, triacontane p=0.56 and hentriacontane p=0.08 503 were exceptions. At the adult stage, nonadecane was significantly reduced in 16i 504 mosquitoes compared to 17i, whereas methyl-hentriacontane was significantly 505 reduced in 17i compared to 16i mosquitoes. The major adult peaks, penta-, hepta-506 23 and nona-cosane were significantly reduced in both 16i and 17i mosquitoes 507 compared to controls, as were hexacosane and hentriacontane. Additional significant 508 differences between 17i and control mosquitoes were observed with octacosane, 509 and methyl-nonacontane and methyl-hentriacontane ( Fig S9) . indicated that nonadecane and nonacosane were significantly reduced in 16i 532 knockdowns, whereas methyl-hentriacontane (p<0.001) was significantly reduced in 533 17i knockdown. There was also a non significant trend (p=0.06) in relative reduction 534 in methyl-nonacosane in the 17i knockdown. 535 cyp4g16 knockdown increases susceptibility to desiccation. 536 Due to the high mortality in 17i pharate adults, the effect of CYP4G depletion on 537 desiccation tolerance was only assessed in 16i adults. The time course of survival of 538 16i males and 16i females versus co-reared, age matched, sibling Gal4 controls 539 when exposed to a low humidity environment is illustrated in Fig 5C and Fig 5D, in An. stephensi (Reid et al. 2018) . We have taken a modified approach through the 560 use of RMCE to insert alternative Gal4 genes nearby a putative enhancer. Although 561 there is, as yet, no annotation for a gene closer than 30kb from the A14 insertion 562 site, oenocyte-specific regulation is achieved by cassette exchange demonstrating 563 that the locus contains DNA regions which interact with the minimal promoter 564 present on the Gal4 driver. The work has thus confirmed that RCME is efficient in 565 An. gambiae (Hammond et al. 2016) . We have also generated a docking line, A11, 566 into which RCME and subsequent Gal4 dependent gene silencing phenotypes were 567 demonstrated with UAS-regulated hairpin RNAi constructs. 568 To develop the oenocyte driver, we assessed four variants of Gal4, each carrying 569 alternative transactivators. These were shown previously to have graded activation 570 potentials with Gal4Δ> GFY > Gal4 > FF in transfected An. gambiae cells (Lynd and 571 Lycett 2011). In these cells, the relative activation potential varied 20-fold between 572 the four transactivators, with Gal4Δ being 10-fold more active than Gal4. RCME 573 derived dsred positive G1 larvae were obtained with each construct, but only those 574 generated with native Gal4 transactivator surviving in large numbers to the adult 575 stage, with the majority of those derived from Gal4Δ and GFY dying at early larval 576 instar. This is in contrast to previous work with GFY combined with a gut specific By assaying luciferase expression in crosses between a UAS responder line and 586 alternative RCME lines that had the Gal4 cassette inserted in opposite orientations 587 with respect to the piggyBac arms, we observed that relative activation potential was 588 significantly higher when the Gal4 was inserted nearer to the right piggyBac arm (i.e. 589 Orientations A > B Fig S3) in both larvae and adults. However, significant activation 590 was detected in both orientations, as would be predicted from a local enhancer that 591 acts upstream or downstream of a target gene (Khoury and Gruss 1983). In the former case, the lethal phenotype could be rescued by maintenance at 90% 693 humidity. However, attempts to rescue cyp4g17 knockdown mosquitoes was 694 unsuccessful when maintained at close to 100% during eclosion (not shown). 695 Although this is the first time that two cyp4gs have both been shown to be essential 696 for CHC production in an insect, in vitro activity of recombinant proteins from the two 697 annotated cyp4gs from the Mountain Pine beetle both convert long chain alcohols 698 and aldehydes into HCs (MacLean et al. 2018) . This led to speculation that one or 699 both may be involved in CHC and pheromone production. However, their in vivo 700 function and anatomical distribution is yet to be explored in this beetle. In this 701 context, the finding that the single CYP4G from honey bees, that also 
